Although post-depositional remanent magnetization (PDRM) in deep-sea sediments appears to be acquired during the earliest stages of sediment compaction, the natural variability of the PDRM lock-in depth in deep-sea sediments is poorly understood and as yet unquantified. Here we consider variations in the relative stratigraphic positions of oxygen isotopic interglacial Stage 19.1 and the Brunhes-Matuyama (B/M) Chronozone reversal for eight deep-sea sediment cores. Results from a similar study of the displacement between a widespread microtektite layer and the B/M boundary are also included [1] . The PDRM lock-in depth and the temporal relationships between the B/M and Stage 19.1 datums can be determined from the offsets between the paleomagnetic and the isotopic (and microtektite) stratigraphies.
Introduction
Theoretical investigations have suggested that fine ferrimagnetic grains settling through the water column to the sediment surface align themselves almost instantaneously to the ambient magnetic field direction [2] . However, the resulting depositional remanent magnetization (DRM) is an ephemeral concept, since the fine grains are typically free to rotate in the high-porosity surface sediment which is often also thoroughly reworked by burrowing organisms. Irving [3] offered the term post-depositional remanent magnetization (PDRM) to describe the magnetization which is preserved after sufficient compaction and Kent [4] showed that PDRM is the magnetization which is typically measured in deep-sea sediments.
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The processes which contribute to PDRM acquisition and its "lock-in" depth are not well understood despite numerous experimental and theoretical studies. Laboratory redeposition experiments have identified sediment consolidation as the most significant process affecting the acquisition of PDRM; some of these experiments have shown that there is often a considerable lag between the field change and the actual depth at which it is recorded [5, 6] . Several theoretical studies have presented a physical basis for this observation [6] [7] [8] . In high-porosity surface sediments, fine magnetic grains are free to rotate in the pore spaces since the torque exerted by the earth's field exceeds the physical restraint provided by the effective viscosity of the sediment. As the sediment is buried below the bioturbated zone, pore spaces are reduced and the ambient magnetization direction becomes locked in as the consolidation process overcomes the field torque. Thus, the depth of PDRM lock-in may be related to factors influencing early consolidation, which include grain size and shape, sediment composition and sedimentation rate [4] . Estimates for the PDRM lock-in zone in marine sediments range from 0.1 to 1.0 m below the sediment surface [1, 6, 9, 10, 11] .
The strategy
The aim of this study is to investigate the relationship between the paleomagnetic and isotopic stratigraphies for several deep-sea sediment cores with different sedimentation rates. Although consolidation seems to be the dominant factor influencing PDRM acquisition, little is known about the natural variability of the lock-in process, especially with sedimentation rate. Magnetic reversals and marker beds are stratigraphically preserved by different processes: PDRM lock-in is controlled by early compaction below the wellmixed bioturbation zone, whereas particulate tracers such as isotopic or microtektite markers are displaced mainly by bioturbation. Furthermore, both compaction and bioturbation can be expected to vary with sedimentation rate. Because it is possible to "unmix" the isotopic stratigraphies to their original pre-bioturbated positions [12] [13] [14] [15] , the effects of bioturbation can be removed and the natural variability of the PDRM lock-in depth can be isolated and examined.
Post-depositional acquisition of the oxygen isotope record
Variations in the oxygen isotopic content of planktonic or benthic foraminifera reflect variations in the temperature of test calcification (a disequilibrium effect) and variations in the isotopic composition of ocean water (an equilibrium effect). As such, the tests of foraminifera act as discrete tracer grains which accumulate on the sea floor. Were it not for the burrowing activity of benthic organisms, these tracer grains would be buried and preserved at their original stratigraphic levels. However, the stratigraphic distributions of microtektite particles in cores have demonstrated that bioturbation tends to mix particles both downward and upward in the sediment column [16] . The coupled action of bioturbation and sediment accumulation mixes the level of maximum tracer abundance downward into the sediment column and carries decreasing amounts of the tracer upward into the accumulating sediments.
Several sediment mixing models have been developed to correct for the mixing effects of bioturbation [12] [13] [14] [15] 17] . A feature common to all of these models is that the amplitude of the downward mixing is determined by the depth chosen for the well-mixed layer. The extent of downward mixing is largely restricted to the uppermost -8 cm of sediment, which radiocarbon studies indicate is the maximum depth of the well-mixed bioturbation zone [14, 18] . North Atlantic sediment radiocarbon profiles suggest a shallower mixed-layer depth [19] , so the choice of 8 cm represents an upper limit for the stratigraphic displacement effect due to bioturbation. Sedimentation rate and mixed-layer depth are the key variables, although several of the more complex models have also included variations in mixing intensity, tracer abundance and supply input function (impulse or continuous) [13] [14] [15] . Impulse event tracers such as ash or microtektite particles will be mixed as a single function of sedimentation rate, whereas continuous function tracers such as the isotopic composition of foraminifera are dependent upon both sedimentation rate and the period of the supply function. Bard et al. [15] have shown that mixing displacement of continuous tracers decreases as the period of the supply function increases. Peng and Broecker [14] also discuss the importance of the coupled effects of dissolution and bioturbation on the observed abundance of foraminifera; this effect can be highly significant but it is difficult to recognize and harder to quantify. Despite the inherent complexity of bioturbation, the direction of the displacement effect (downwards) and its approximate maximum amplitude (-8 cm) are well-constrained.
For the purposes of this study, a relationship is needed which corrects for the downward mixing displacement as a function of sedimentation rate [13, 15] . We use the Bard et al. [15] mixing model because it specifically addresses the effects of mixing on continuous tracers and because it estimates the degree to which a periodically-varying tracer, such as isotopic data, will be phase-shifted due to bioturbation. The following deconvolution equation "unmixes" an isotopic record to its original prebioturbated depth (dz = original-mixed depth; in cm):
Here, R is the sedimentation rate (cm kyr-1), H is the depth of the mixed layer (8 cm) and L is the period of the tracer input function. The Bard et al. [15] "unmixing" model assumes that the supply of tracer grains to the sediment surface varies at some uniform period L. A 20,000-year input function period was chosen because it is roughly equivalent to the period of the Stage 19.1 oxygen isotopic event used in this study. Figure 1 illustrates the effect of bioturbation on the position of a marker bed: mixing tends to displace markers downward in low-sedimentation rate sequences, but this displacement approaches zero with increasing sedimentation rate. The total amplitude of this effect (-8 cm) is equivalent to the mixed layer depth suggested by the radiocarbon data.
Core data and methods
The stratigraphic positions of oxygen isotopic Stage 19.1 and the boundary between the Brunhes and Matuyama Chronozones (B/M) were determined for eight cores with high-quality isotopic and paleomagnetic data, representing a range of 2" °'E"v 0 . Fig. 2 ), it is ideal for the purposes of this study. Carbonate percent data were used for Site 609 since isotope data were unavailable; however, Ruddiman et al. [20] have indicated that the carbonate and isotope data for nearby Site 607 are correlative. Sedimentation rates were calculated by dividing the depth of the B/M boundary by its age (730 kyr; [21] ), except for Site 609, which has a notably higher sedimentation rate for the late Matuyama-early Brunhes interval [22] . The COMP suffix indicates that depths are composite depths. 26.
"k. [20] . The core data are arranged so that sedimentation rate increases from upper left to lower right. [47, 48] ; $607, [20, 22] ; $610, [E. Jansen, unpubl, data; 22]; $609, [20, 22] ; $646A, [49, 50] .
Several criteria were established for determining the relative positions of the isotopic and paleomagnetic boundaries. The stratigraphic position of the B/M boundary was determined as the midpoint between the closest samples characterized by stable NRM directions with opposite (reversed and normal) polarity. The B/M transition occurred within one sample interval (i.e. between two adjacent samples) for all cores except at Site 646A. The error associated with the B/M reversal depth was estimated using+ one-half sample interval. High-resolution paleomagnetic studies have demonstrated that the directional component of a magnetic field reversal is completed in 4-10 kyr [23] ; for a 10 cm kyr -1 core, this would translate to an uncertainty in the boundary pick ranging between 40 and 100 cm (i.e. + 20-50 cm). Such transitional behavior was only significant at Site 646A, however, and the uncertainty associated with this datum was large (Table 2 ; [24] , B. Clement, pers. commun.).
The depth of the oxygen isotope minimum associated with Stage 19.1 was determined by selecting the midpoint of the low-frequency wave (-20 kyr) defining Stage 19.1. This was deemed more reliable than choosing the absolute lowest value, because oxygen isotopic analytical errors are typically 0.1-0.2 %0. This procedure was unambiguous for all cores except Site 502B. The error associated with the Stage 19.1 datum was estimated using + one-half sample interval. The difference in depth between the B/M boundary and Stage 19.1 (in cm) was defined as A z, and its associated error was estimated by summing the B/M and isotopic errors. The data and references for each of the eight cores are listed in Table 2 .
Results
The Stage 19.1 and B/M reversal level for each of the eight cores are shown in Fig. 2 , with the isotope data compared to the "TP607" time scale of Ruddiman et al. [20] . With increasing sedimentation rate, the B/M boundary appears to move upsection relative to the Stage 19.1 isotopic level, as demonstrated by the plot of Az (with its associated error) versus sedimentation rate (Fig. 3a) .
The amplitude of the Az trend shown in Fig. 3a reflects the combined effects of PDRM lock-in depth variability (on the reversal datums) and bioturbation (on the isotopic datums). The stratigraphic effects of bioturbation must be removed to isolate the PDRM signal. This is accomplished by applying eqn. (1) (shown graphically in Fig. 1 ) to the isotopic datums for each of the eight cores. The "unmixed" Stage 19.1 isotopic datums should be virtually isochronous because they have been corrected to their original depositional levels and the oxygen isotopic response time of the ocean is rapid, less than 1 kyr [15, 25] . The unmixing correction actually increases the Az values, because the isotopic datum becomes shallower after the unmixing correction (Fig. 3b, Table 2 ). The "unmixed" Az values shown in Fig. 3b should reflect the actual amplitude of the PDRM lock-in depth variability with sedimentation rate, provided that the unmixing model assumptions of an 8 cm mixed 
Inclusion of Burns" [1989] microtektite data
Results from a recent paper by Burns [1] may also be added to the data shown in Fig. 3b . In this study, Burns compared the relative positions of the B/M boundary and the Australasian microtektite layer in twenty low sedimentation rate cores (0.19-1.64 cm kyr -1) to investigate the proposed synchroneity of the two events. These data are particularly useful for our study because they represent low sedimentation rate cores which generally have too few foraminifera for isotopic analyses. The isotopic and microtektite datums are comparable data sets since both are particulate tracers susceptible to benthic mixing. However, the Bard et al. [15] unmixing relation cannot be used to correct these data for bioturbation because it was derived for continuous (not impulse) tracers. Rather, the original depth of deposition for impulse tracers such as microtektite or ash particles can be obtained by determining the center of mass (weighted mean depth) of the microtektite abundance profile [1, 13, 19] ; these data are presented in the original Burns [1] reference. The microtektite Az values were calculated (Az = B/M-weighted mean microtektite abundance depth) and these values are shown with the unmixed isotopic A z values in Fig. 3c . Two cores (V28-238 and V28-239) have both microtektite and isotopic datums and these can be used to combine the two data sets.
Because the isotopic and microtektite datums are adjusted for bioturbation, the two datums should represent separate isochronous lithostratigraphic horizons which are separated by some constant time offset. To combine the two datums, it is necessary to determine this time offset; the microtektite datums can then be shifted by the depth interval equivalent to the time offset (based on the sedimentation rate). The purpose of combining the two datums is to end up with one isochronous stratigraphic level (equivalent to the Stage 19.1 datum) in each of the cores.
In core V28-239 (0.99 cm kyr-1), the microtektite datum at 728 cm is 12 cm below the unmixed Stage 19.1 midpoint at 716 cm (_ 3 cm). The 12 cm depth offset in this core is equivalent to 12 + 3 kyr in time. In core V28-238 (1.64 cm kyr-1), the microtektite datum occurs at 1208 cm, which is 10 cm below the unmixed Stage 19.1 midpoint at 1198 cm (_ 5 cm). Here, the 10 cm offset is equivalent to 6_ 3 kyr. The age offsets between the microtektite and Stage 19.1 datums can be reconciled if an age offset of 9 kyr (_ 3 kyr) is used. Therefore, to adjust the microtektite datums given in Burns [1] to the Stage 19.1 datums, the microtektite datums must be shifted up by a depth interval equivalent to 9 kyr. The depth shift equivalent to 9 kyr was calculated by multiplying the sedimentation rate of the core in question (cm kyr -1) by 9 kyr and then subtracting this result from the respective microtektite depth datum. The Az values (B/M minus microtektite datum adjusted to Stage 19.1 level) were then recalculated; these data are shown in Fig. 3d . microtektite data (dots) have been shifted so that they are equivalent to the Stage 19.1 level (see text). Because the isotopic (and microtektite) data have been corrected for bioturbation, the stratigraphic horizon they represent is equivalent to an isochronous horizon. Hence, the linear Az trend with sedimentation rate reflects both the age offset between the B/M and isotopic datums and the depth at which the remanence is preserved. The regression equation indicates that the interglacial Stage 19.1 datum occurs 6 + 2 kyr before the B/M reversal, and that the reversal is acquired -16 cm below the sediment surface. Note that the Az data below I cm kyr-1 deviate significantly from the linear trend, indicating that remanence is acquired at unusually deep levels in these sediments.
Discussion
Several features in Fig. 3d identify important relationships between the paleomagnetic and isotopic stratigraphies: (1) the direction, amplitude and general linearity of the Az trend (Az decreases with increasing sedimentation rate with a total amplitude of -70 cm); (2) the positive ordinate and abcissa intercepts; and (3) the large deviation from linearity of the Az values from very low sedimentation rate cores. We argue that these features can only be reconciled if PDRM is acquired -16 cm below the sediment surface and if the B/M reversal occurs 6 kyr after the Stage 19.1 isotopic datum. Additionally, we suggest that PDRM is acquired at anomalously deep levels in very low accumulation rate sediments (< 1 cm kyr-1).
Because the Stage 19.1 isotopic (and microtektite) datums have been adjusted for bioturbation, the stratigraphic level they represent should be conceptually equivalent to an isochronous depositional horizon. However, the B/M reversal depths cannot be so simply interpreted. Although the polarity reversal itself is effectively instantaneous over the surface of the globe, its preservation in sediments occurs at some unknown depth below the sediment surface and below the wellmixed zone. Hence, when the B/M reversal depths are compared to the Stage 19.1 depths, the relative depth offsets (Az) should reflect both the isochroneity of the reversal itself and the depth at which the remanence was acquired. These two components can be isolated by plotting Az as a function of sedimentation rate (Fig. 3d) .
Age offset between the B/M and Stage 19.1 datums and the depth of PDRM acquisition
The age offset between the B/M and Stage 19.1 datums can be determined from the slope of the line suggested by the data; the depth of remahence acquisition is equivalent to the Az intercept value. A steeper (shallower) slope would indicate greater (lesser) time separation of the B/M and Stage 19.1 isochrons; zero slope would indicate that the two datums are coeval. Similarly, the positive Az intercept value demonstrates that PDRM is acquired at some depth below the sediment surface; a zero-intercept would indicate that PDRM is acquired at the sediment surface. The magnitude of the age offset and the depth of PDRM acquisition can be estimated from the coefficients of a linear regression fit to the data. The following equation was determined from the isotopic Az values which have sedimentation rates ranging from 0.99 to 8.64 cm kyr-l: Az = 16 -6 kyr (sedimentation rate) ; (r 2=0.77; n = 8)
Equation (2) demonstrates that most of the observed Az variance with sedimentation rate can be explained if the post-depositional remanence is acquired -16 cm below the sediment surface, and if the B/M polarity reversal occurs 6 kyr (+ 2 kyr, 95% confidence interval) after the Stage 19.1 isotopic datum. The regression line is shown in Fig. 3d . The Site 552A Az datum deviates appreciably from the linear trend, indicating that the B/M boundary is significantly deeper than would be predicted from the model. This may be attributable to variations in the consolidation factors which affect the depth of PDRM acquisition. In additions, the microtektite Az values (dots) with sedimentation rates greater than 1 cm kyr-1 fall along this same trend; inclusion of these four data points does not significantly alter the regression coefficients, but the r 2 value increases to 0.81. As noted by Burns [1] , the very low sedimentation rate Az data (< 1 cm kyr -1) depart significantly from this general linearity, and the significance of this will be discussed later.
Figures 4a-c show a diagrammatic representation of the sequence of events summarized in the model represented by eqn. (2) . Tests of foraminifera which calcified in the interglacial Stage 19.1 ocean are first deposited on the seafloor; after correcting for the mixing effects of bioturbation, this layer defines an isochronous depositional horizon (Fig. 4a) . Sediments continue to accumulate (at different sedimentation rates) for about 6 kyr (solid line in Fig. 4b ). At this point, the directional component of the Brunhes-Matuyama polarity reversal is completed (dashed line, Fig.  4b ). In the sediments, however, the reversal is acquired at a sub-surface depth of about 16 cm below the surface (Fig. 4c) . As shown in Fig. 4d served depth variability between the Stage 19.1 isotopic and paleomagnetic stratigraphies. Our estimate for the PDRM lock-in depth lies within the broad constraints of other published estimates. The production of 1°Be in the upper atmosphere is inversely proportional to the Earth's magnetic field intensity. When the field intensity is reduced during reversals, 1°Be production is enhanced and this is ultimately recorded in sediments. The intensity reduction and increased l°Be levels (relative to stable 9Be) associated with a field reversal should be synchronous; however, Raisbeck et al. [11] noted that the B/M boundary was displaced -10-15 cm below the maximum 1°Be level in core V15-68 (-2.5 cm kyr -1) and attributed this to PDRM acquisition at depth. Similarly, Aylmer et al. [26] presented preliminary results from Site 609 (8.2 cm kyr -1) where the B/M transition was displaced -30 cm below the 1°Be maximum. Unfortunately, a firmer estimate for the lock-in depth cannot be obtained from these data until problems with sampling resolution and 1°Be normalization are resolved [27] . This 10-30 cm range in PDRM lock-in depth is generally consistent with estimates from other workers [6, 7, 10] .
Deep PDRM acquisition in low accumulation rate sediments
The broad range of sedimentation rates represented by our cores provides the required "leverage" for defining the 16 cm nominal depth of PDRM acquisition in higher sedimentation rate cores. However, Burns [1] has noted that low accumulation rate sediments have unusually deep PDRM acquisition depths, based on the depth offsets between the Australasian microtektite layer and the B/M boundary in low sedimentation rate cores. By "bootstrapping" his data with our higher sedimentation rate data, our results support his important finding: PDRM acquisition occurs at relatively deep levels in low sedimentation rate cores.
Burns [1] has suggested that the relatively deep PDRM acquisition in low accumulation rate sediments could be attributed to the relatively higher clay content, and hence higher porosity, of lower accumulation rate sediments. We contend that deep PDRM acquisition may be attributable to time-dependent consolidation processes in clayrich sediments, rather than clay content itself. Experimental [4] [5] [6] and theoretical [6] [7] [8] considerations have identified consolidation as the important variable affecting remanence acquisition. The rigidity, or structural strength, of clay-rich deep-sea sediments is governed by cohesion which is the result of electrical (Van der Waal and Coulombic) interparticle forces [28] . Given sufficient time (i.e. low loading rates), these interparticle forces act to increase sediment structural strength through the development of rigid "cardhouse" or flocculated structure which maximizes the number of interparticle contacts [29] .
This time-dependent phenomenon has been observed in natural sediments [31] [32] [33] [34] [35] as well as under experimental conditions [36] [37] [38] . These studies demonstrate that sediment structural strength increases with decreasing sedimentation rate (i.e. surface sediment residence time). The increased structural strength of low accumulation rate sediments inhibits the initial reduction in porosity associated with early burial-compaction in the uppermost meter of the sediment column [39] [40] [41] [42] . In terms of geotechnical properties, this is manifested by relatively low porosity reduction gradients in the uppermost sediments. This is commonly termed "apparent underconsolidation" because the porosity gradient is lower than that which would be expected from the overburden load of the overlying sediments.
The relevance of this mechanism to post-depositional detrital remanent magnetism is that lower deposition rate sediments would be expected to acquire their magnetic remanence relatively deep in the sediment column compared to higher deposition rate sediments, and this is what is observed. While the interaction between consolidation and sedimentation rate is apparently a first-order relation, other variables such as grain size, clay mineralogy and siliceous and carbonate microfossil content play important, and often reinforcing, roles in the relationship between sediment structural strength and sedimentation rate [431.
Chronostratigraphy of the B / M reversal, Stage 19.1 and the Australasian microtektite layer
An important result of this study is that we are able to estimate the relative age offsets for the suggest that the B/M reversal is preceeded by an interglacial, not glacial, climate. These data provide important contraints'for geophysical models which attempt to link geomagnetic reversals with glacial-interglacial climate change or impact events. Our analyses demonstrate that these age offsets are real (within their estimated errors) and that the different datums are not coeval. In particular, the Australasian microtektite datum significantly preceeds interglacial Stage 19.1 and the B/M reversal, so that any mechanism which causally links these datums should account for these temporal offsets. A mechanism has been proposed [44] whereby a hypothetical bolide impact leads to global cooling and the redistribution of ocean water as polar ice alters the crust-mantle rotation rates and ultimately results in a geomagnetic excursion or reversal. Our results (Fig. 5) would
In this study we have focused on the relative stratigraphic offsets among oxygen isotopic Stage 19.1, the Australasian microtektite layer, and the Brunhes-Matuyama Chronozone reversal, as well as their relationship with sedimentation rate. Detailed oxygen isotopic and paleomagnetic data from eight cores representing a range of sedimentation rates from 0.99 to 8.64 cm kyr-1 were used to extend the initial microtektite results of Burns [1] . Together, these data can be used to examine the temporal relationships among these datums and the natural variability of the acquisition depth of post-depositional remanent magnetization. Particulate sedimentary event tracers such as the Stage 19.1 foraminifera and microtektites represent isochronous depositional horizons which are subsequently mixed and displaced by bioturbation. Hence, when the B/M reversal depths are compared to the bioturbation-corrected Stage 19.1 depths, their depth offsets (Az) reflect both the isochroneity of the reversal itself and the depth at which the remanence was acquired. These two components are isolated by plotting Az as a function of sedimentation rate.
(1) There is an approximately linear trend between Az (calculated as B/M minus unmixed Stage 19.1 depth) and sedimentation rate. The slope of the trend demonstrates that the B/M reversal occurs 6 + 2 kyr after the Stage 19.1 isotopic event. The positive Az intercept indicates that remanence is acquired -16 cm below the sediment surface. A linear model with these characteristics accounts for -80% of the Az variability with sedimentation rate.
(2) At very low sedimentation rates (< 1 cm kyr-1), the Az values are considerably higher than would be expected based on the linear model. These data demonstrate that PDRM acquisition occurs at relatively deeper levels (30-50 cm) for low accumulation rate sediments. The geotechnical literature indicates that the relatively deep PDRM acquisition depth may be attributable to the unusual physical properties of these sediments. Under low deposition rates, sediments have sufficient time to develop enhanced interparticle rigidity (structural strength) which inhibits early compaction and, hence, PDRM acquisition.
(3) These data can be used to establish relative temporal relationships between the isotopic, microtektite and paleomagnetic datums. The Australasian microtektite layer occurs 9 + 3 kyr prior to the Stage 19.1 isotopic event, and the Stage 19.1 event occurs 6 _+ 2 kyr prior to the B/M reversal. These data demonstrate that the Australasian microtektite strewnfield was deposited 15 _+ 5 kyr prior to the B/M geomagnetic reversal.
